INTRODUCTION
cell cycle defect. However, conditional expression of the Pvcrk2 genes or the chimera containing the C terminus from Spcdc2 in mutant cdc2-33 ts cells produced cell-cycle-arrested phenotypes only in the induced state and at the permissive temperature. Our results thus provide the first Plasmodium vivax is the most widely distributed human compelling genetic evidence that the plasmodial Crk2 gene product(s) is malaria and in countries such as Brazil and Sri Lanka it is capable of interfering with the well-conserved eukaryotic cell cycle the most prevalent species (David et al., 1988) . Like other machinery. ᭧ 2001 Academic Press malaria parasites, its life cycle is complex with many differIndex Descriptors and Abbreviations: cdc2 chimeras; Schizosacentiation steps that permit specific invasion and replication charomyces pombe; ts mutants; mitotic catastrophe; AMA1, apical membrane antigen 1; cdc2, cell division cycle 2; cdk, cyclin-dependent inside different cell types in vertebrate and invertebrate hosts kinase gene; Cdk, cyclin-dependent kinase protein; crk, cdc2-related (Sinden 1991) . Unlike most Plasmodium species, however, P. vivax has hypnozoites, liver dormant stages that upon reactivation cause new clinical attacks or relapses (Krotoski 1 The sequence data reported herein have been submitted to GenBank 1985) . This intricate life cycle is maintained by successive and assigned the Accession No. AF136377. rounds of mitotic divisions during schizogony in the verte-2 To whom correspondence should be addressed. . E-mail: h delportillo@yahoo.com. also occurs. Thus, malaria parasites replicate by mitosis in genes complemented S. cerevisiae mutants and the activity of the P. falciparum Crk2 protein has been investigated four different stages and by meiosis once with some noticeable morphological differences from the mitotic and meiotic through in vitro enzymatic approaches (Le Rock et al. 2000) . Unfortunately, we presently lack the tools to functionally divisions of their hosts (Sinden 1991 (Nurse 1990 1996) , and trypanosomatids (Mottram and Smith 1995; reagent (GIBCO) . Messenger RNA and cDNA were obtained using Mottram et al. 1993; Gómez et al. 1998; Grant et al. 1998 (Nurse et al. 1976) . Cells were transformed according 3-kb insert contained 1.3 kb from the Pvcrk2 5Ј sequences, to standard protocols (Krek et al. 1992) and selected for leucine protointerrupted downstream at the 4th exon by an EcoRI restrictrophy at 30ЊC (permissive temperature). Afterward, 15 colonies from tion site. The remaining Pvcrk2 3Ј sequences were obtained each experiment were replica-plated, incubated for 18 h at 35ЊC (restricfrom partial characterization of the 9-kb EcoRI contiguous tive temperature), and analyzed by microscopy.
insert. The contiguous nature of the EcoRI fragments was
Overexpression assays. Overexpression of the nmt1 promoter, reconfirmed by comparison with the cDNA obtained (see besponsible for the transcription control of the pREP1 expression vector, was carried out as previously described (Moreno et al. 1991 other Plasmodium species, which is thought to be involved (DAPI) (Williamson and Fennel 1975) . Microscopic analysis of the in posttranscriptional regulation (Vinkenoog et al. 1998) . Leica Vario-orthomat Photo Camera using Scotch chrome 640T film, magnification 40 ϫ 10 ϫ 1.25.
Comparison of the Pvcrk2 deduced amino acid sequence with homologous sequences from various species. The dewhich lacks the last exon (Fig. 1) . The full-length Pvcrk2 cDNA was thus obtained by constructing a chimera conduced amino acid sequence from the Pvcrk2 gene was computer-aligned with the crk2 gene sequence from P. falcitaining the 5Ј and 3Ј ends of the clones as above.
Complementation assay of the S. pombe cdc2-33 ts muparum (PFPK5), the CRK3 gene from L. major (LMCRK3), the cdc2 gene from S. pombe (SPCDC2), the cdc2 gene tant. To ascertain the functional homology of the PvCrk2 proteins to the highly conserved p34 cdc2 protein kinase of from Dictyostelium discoideum (DDCDC2), and the cdc2 from humans (HSCDC2) (Fig. 1) . The comparison revealed yeast, a classical complementation assay of S. pombe cdc2-33 ts mutants was performed (Moreno et al. 1991) . To do so, 90-99 and 60% homologies with the crk2 proteins from other Plasmodium species and with the p34 cdc2 protein kinase Pvcrk2 and Pvcrk2RT were cloned into the pREP1 thiaminerepressible vector to facilitate inducible studies. After transfrom higher eukaryotes, respectively. Moreover, the predicted protein displays the principal hallmarks of the protein formation, recombinant yeast cells were grown in the presence of thiamine and selected for leucine prototrophy. Fifteen kinase family (Hanks et al. 1988 ). These include the 11 major conserved subdomains, the Gly-X-GlyXXGly motif colonies of each Pvcrk2 recombinant yeast cell were transferred to liquid medium with and without thiamine at 30 on the ATP binding site, a conserved PSTAIRE box, consensus though degenerate GDSEID domain, and the correspondand 35ЊC, and the phenotypes were analyzed by microscopy. Presence of specific Pvcrk2 transcripts of 1074 bases ing Thr161 in HSCDC2 protein and Thr167 in Spcdc2 protein, at position 158 in the so-called T loop (Fig. 1) . Together, (Pvcrk2) and 1025 bases (Pvcrk2tr) were confirmed by Northern blot with the Pvcrk2 cDNA probe (Fig. 2b) . Exthese data reaffirm that the Pvcrk2 gene is a member of the cdk family and as such it should play a central role in the pression of the corresponding 33-and 27-kDa Pvcrk2 proteins was demonstrated by Western blot, immunoscreened control of the cell cycle of P. vivax.
Isolation of two different cDNA fragments corresponding with a commercial PSTAIRE antibody (Fig. 2c) . Under the experimental conditions used to detect the P.vivax genes to the Pvcrk2 gene. To verify that the conceptual introns found by translation of the Pvcrk2 genomic sequence are and products, the yeast cdc2 ts gene and its product were undetectable. Neither of the two recombinant PvCrk2 prospliced out at canonical sites and provide a template for expression studies, a cDNA library from parasite mRNA teins were able to rescue the cdc2-33 ts mutant (not shown). To further our attempts to complement the cdc2-33 ts muextracted from 10 patients was constructed. The cDNA library has insert sizes ranging between 0.5 and 2 kb and the tant, two chimeric cdc2 cDNAs were constructed by ligation of half of the Spcdc2 and half of the Pvcrk2 coding sepresence of all intraerythrocytically expressed P. vivax genes examined (AMA-1, crk2, cysteine protease, Duffy receptor, quences. The chimera containing the 5Ј fragment from the Pvcrk2 cDNA and the 3Ј fragment from the Spcdc2 cDNA MSP1, RBP1, and RBP2) was confirmed by PCR screening; no telomeric, or rRNA sequences were detected using this was denominated CHvs and the alternative chimera CHsv. Both chimeras were also unable to rescue the cdc2 ts mutant same methodology (not shown). This library was PCRscreened with Pvcrk2 primers and a specific 826-bp cDNA despite being expressed at the transcript and protein levels (Fig. 2) . Worthy of mentioning, highly abundant messages fragment lacking the first 50 bp from the 5Ј end demonstrated that all introns had been processed at canonical sites. RTwere detected in all constructs; yet, the Crk2, Crk2RT, CHvs, and CHsv proteins seemed to be poorly translated, likely PCR assays were designed to amplify the full-length Pvcrk2 cDNA. After several attempts, only a crk2 clone in which reflecting unstability of these heterologous proteins in yeast. Regardless, these results and those with the PfPK5, Pbcrk2, the last intron had been processed 49 bases before its 5Ј donor splicing site was obtained. This clone, termed and Pkcrk2 genes (Ross-MacDonald et al. 1994; Vinkenoog et al. 1998) indicate that malarial crk2 genes are not able Pvcrk2RT, codes for a truncated 27-kDa PvCrk2 protein   FIG. 1 . Alignment of the predicted amino sequences of the Plasmodium vivax crk2 gene with the cdc2 and crk2 genes of various species. The predicted aa sequence of the crk2 gene of P. vivax (PVCRK2) was compared with the analogous sequences from P. falciparum (PFPK5), D. discoideum (DDCDC2), humans (HSCDC2), S. pombe (SPCDC2), and L. major (LMCRK3). The 11 major conserved subdomains (I-XI) of the protein kinase family (Hanks et al. 1988) al. 1998) . Efforts to determine the copy number on Southern blot analysis were not feasible due to the scarcity of P. vivax Overexpression of Pvcrk2 proteins and cdc2 chimeras in S. pombe at permissive temperatures interfere with cell cycle DNA. Nevertheless, based on the redundancy numbers found for this gene on a P. vivax YAC library (Camargo et al. progression. We next determined whether the entire and truncated PvCrk2 proteins and the chimeric cdc2 proteins 1997), the gene is single copy, as has been shown for other Plasmodium species. Interestingly, cloning and sequence were able to interfere with the molecular components involved in fission yeast cell cycle regulation when overexanalysis of a cDNA clone, Pvcrk2tr, amplified by RT-PCR, revealed that the last intron of such a clone could be propressed at the permissive temperature. To do so, expression of the PvCrk2 proteins and the chimeras was down-regulated cessed 49 bases before its 5Ј donor splicing site, resulting in a truncated PvCrk2 protein of the predicted 27 kDa and by growth of the cells in the presence of thiamine, which silences the nmt1 promoter. Afterward, thiamine was relacking the last exon. Due to the absence of an efficient P. vivax culture system, it is not possible to confirm the presmoved to allow overexpression of the crk2 gene products (Fig 2b) . Overexpression of the wild-type S. pombe p34 cdc2 ence of the Pvcrk2tr transcript and its product in vivo. However, the occurrence of different transcripts in the crk2 genes protein kinase gave rise to a typical reduced cell size at division (Fleig and Nurse 1991) (Fig. 3, Spwt) . In contrast, of P. berghei and P. knowlesi has been reported (Vinkenoog et al. 1998) and Northern blot analysis detected two Pfcrk1 cells overexpressing each of the recombinant P. vivax proteins presented different cdc2-related mutant phenotypes transcripts in gametocytes of P. falciparum (Doerig et al. 1995) . (Fig. 3 , Pvtr and Pv). Thus, the truncated 27-kDa PvCrk2 protein exhibited a heterogeneous elongated phenotype, Despite being highly conserved, the entire and truncated PvCrk2 proteins were not able to complement the S. pombe whereas yeast cells overexpressing the 33-kDa PvCrk2 protein and the chimera CHvs presented cells with more than cdc2-33 mutant ts . These results were not due to lack of expression since Northern and Western blot analysis revealed one septum and/or more than one nucleus. Moreover, they also displayed elongated cells dividing into two compartthe presence of specific transcripts and proteins (Fig. 2 ). Failure to complement two different S. cerevisae CDC28 ts ments: one with a single nucleus and one that was apparently empty (Fig 3, CHVS) . The number of these abnormal, elonmutants was also reported for the P. falciparum, P. berghei, and P. knowlesi crk2 genes (Ross-MacDonald et al. 1994 ; gated cells is increased in the recombinant CHvs population. Yeast cells overexpressing the chimera CHsv showed a domi- Vinkenoog et al. 1998) . In contrast, the D. discoideum Cdc2 protein and, more recently, the CRK3 protein from L. major nant negative phenotype, with typical arrested cells as found in the fission yeast cdc2 null mutant (Fig. 3, CHSV) .
were the only protozoan Cdc2-related proteins able to partially complement yeast cdc2/CDC28 ts mutants (Wang et al. 1998; Michaelis and Weeks 1992 showed that the conserved GDSEID drives phosphorylation This paper describes the complete primary structure of the crk2 gene of P. vivax and its functional analysis in yeast of the threonine at position 167, which is essential for the activation of the kinase (Fleig et al. 1992) . Furthermore, ts mutants through regulated overexpression studies and construction of novel malaria/yeast cdc2 chimeras. Due to the structural analysis of the human cdk2 crystal (De Bondt et al. 1993) revealed that the first aspartic acid, the glutamic difficulties of continuous in vitro culturing of this parasite species (Golenda et al. 1997) , a genomic and a cDNA library acid, and the isoleucine of this motif are exposed to the surface of the protein and can interact with other molecular were constructed from parasites obtained from infected patients to fully characterize the gene. The cDNA library is substrates. Consequently, it was reasonable to think that the degenerate GVSETD motif could be responsible for the highly representative and together with a genomic P. vivax YAC library (Camargo et al. 1997) , they should contribute nonfunctional complementation of the cdc2 yeast mutant. We tested this hypothesis by exchanging the N-and Cto generate STS/EST sequences and contig maps for this human malaria.
terminal regions of Pvcrk2 with their S. pombe counterparts. Both chimeric proteins were expressed but unable to rescue The gene contains 1779 bp with an overall GϩC content the S. pombe ts mutant (Fig. 2) . Thus, evidence of the direct
FIG. 3.
Effects of the overexpression of the PvCrk2 and Crk2/cdc2-chimeras in S. pombe at the permissive temperature. All cells were grown in the presence of thiamine (ϩ), which silences the nmt1 promoter to a density of 10 8 cells/ml, and then transferred to thiamine-free (Ϫ) medium for 18 h at 30ЊC. Phenotypic analysis was performed with fixed cells as described under Materials and Methods. S. pombe cdc2-33ts mutant (Spts), S. pombe cdc2-33ts mutant expressing the wild-type Spcdc2 gene (Spwt), S. pombe cdc2-33ts mutant expressing the P. vivax crk2 entire (Pv) and truncated (Pvtr) Pvcrk2 cDNAs: S. pombe cdc2-33ts mutant expressing chimeras with the P. vivax N terminus-S. pombe C terminus (CHvs) or viceversa (CHsv). In all panels, the white bar corresponds to 10 m.
interaction of the malarial crk2 gene products with the cell efficiently with the molecular components of the p34 cdc2 . cycle machinery of yeast has not been obtained using these
The results obtained by overexpression of both the PvCrk2 complementation assays. and the chimeric CHvs proteins are more difficult to interTo extend our functional Pvcrk2 studies, we took advanpret. Recombinant yeast cells expressing the truncated, the tage of the thiamine-inducible system and overexpressed all entire PvCrk2, and the CHvs proteins presented different recombinant proteins in S. pombe cells at the permissive phenotypes which can be associated to defects in cytokinesis temperature. Control cells overexpressing Spcdc2 proteins (Fig. 3) . To the best of our knowledge, this is the first genetic with conditional lethal mutations in the GDSEID motif (gluevidence that the so-called malarial crk2 genes are indeed tamic acid replaced a lysine, serine was replaced by alanine, able to interfere with the yeast cell cycle. Furthermore, in or the first aspartate was replaced by asparagine) give rise to the absence of an inducible system for functional study of typical G2-arrested cells as a dominant negative phenotype essential genes in malaria, conditional heterologus transfec-(Fleig and Nurse 1991). This lethal phenotype was also tion assays such as the one reported here still offer a valid obtained by overexpression of the chimera CHsv in S. pombe approach to further our knowledge of the function of the cdc2-33 ts at the permissive temperature, suggesting that the chimeric protein was correctly folded and able to compete Plasmodium crk2 genes in the eukaryotic cell cycle.
